Focal proliferation of smooth muscle cell (SMC) is an integral part of atherosclerotic plaque formation: characterization of regional variation in SMC growth kinetics is therefore important to the understanding of atherogenesis. SMC growth kinetics of rabbit abdominal and thoracic segments were compared. Rabbit aortas were denuded of endothelium and the animals killed after 3 H-thymidine and Evans blue injections at 0 to 48 days after denudation. Incorporation of a H-thymidine into both aortic segments peaked at 48 hours; no detectable incorporation occurred in the first 24 hours. Abdominal segment DNA specific activity (SA, dpm/jig DNA) and total kinetic activity (TKA, dpm/0.1 mm internal elastic lamina) at 48 hours were significantly greater than values for the thoracic aorta. Abdominal SA and TKA curves decreased exponentially after the 48-hour peak and paralleled thoracic levels after day 7. SA and TKA values for each segment reflected the subsequent SMC intimal growth rates as measured morphometrically. Therefore, both segments share similar growth kinetic characteristics; however, the abdominal response to intimal injury is greater than the thoracic and leads to greater myointimal proliferation. The difference in response to injury in the two segments suggests regional variation in SMC's which are phenotypically similar.
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Abdominal SA and TKA curves decreased exponentially after the 48-hour peak and paralleled thoracic levels after day 7. SA and TKA values for each segment reflected the subsequent SMC intimal growth rates as measured morphometrically. Therefore, both segments share similar growth kinetic characteristics; however, the abdominal response to intimal injury is greater than the thoracic and leads to greater myointimal proliferation. The difference in response to injury in the two segments suggests regional variation in SMC's which are phenotypically similar. Circ Res 47: [182] [183] [184] [185] [186] [187] [188] [189] 1980 ATHEROGENESIS is characterized by intimal smooth muscle cell (SMC) proliferation occurring at focal sites along the arterial tree (Task Force on Arteriosclerosis, 1972; Wissler, 1968) . This anatomic predilection of specific areas to atherosclerosis has been well documented by both autopsy and experimental studies (Roberts et al., 1959; Haimovici et al., 1958; Haimovici and Maier, 1964) . Tissue culture techniques have been used to investigate the nature of this segmental variability, and to characterize the growth of SMC's taken from differing aortic regions. The results of these in vitro studies have shown that SMC's from different aortic segments vary in replicative potential (Martin and Sprague, 1973; Wexler and Thomas, 1967; Kokubu and Pollak, 1961) . Thus, factors intrinsic to the smooth muscle cell population of a specific region may determine its predisposition to proliferation. Although tissue culture offers the advantage of studying cell kinetics under controlled conditions, factors such as hemodynamic pulsations, close approximation of SMC's with intimal and adventitial cells, and exposure to native blood are absent in vitro. Indeed, it has been shown that SMC's exhibit artifactual morphological and biochemical alterations soon after their establishment in culture (Fowler et al., 1977) . We have developed a sensitive biochemical assay for determining smooth muscle cell DNA synthesis in vivo (Goldberg et al., 1979a) . This assay provides rapid quantitation of SMC DNA synthesis after intimal injury, and can be applied readily to individual aortic segments. The aim of this study was to compare smooth muscle cell growth kinetics of the rabbit thoracic and abdominal aorta in vivo.
Methods
The aortas of 125 male New Zealand white rabbits (2.4-2.8 kg) were denuded of endothelium by passage of a balloon catheter as previously decribed (Stemerman, 1973) . Under light ether and pentobarbital anesthesia, a modified thin-walled Fogarty embolectomy catheter (Edwards Lab.) was inserted via a femoral arteriotomy and passed to the descending thoracic aorta. The balloon was inflated with CO 2 to a pressure of approximately 450 mm Hg and withdrawn to the aortic bifurcation within 10 seconds. This maneuver was repeated twice, with the catheter turned through about 90° each time. The catheter was removed and the femoral artery was ligated. Animals were killed by cardiac exsanguination at 1, 8, 16, 24, 36, and 48 hours, and at 4, 7, 14, 28 , and 48 days after intimal injury. Five to 12 rabbits were used at every interval sampled (group I). Control, non-ballooned sham-operated rabbits were killed at similar times after operation (group II). To evaluate the effect of balloon pressure on SMC proliferation, a balloon catheter at approximately 700 mm Hg was used for endothelial removal of the thoracic segment, whereas the abdominal aorta was injured with a standard-pressure balloon (group III). Thoracic specific activity (SA) levels of group III were compared with values for other groups while the abdominal SA of group III served as control in each animal. To determine the possible effects of mitogen(s) that might be brought to the abdominal segment from the thoracic region, a fourth control group, in which only the abdominal segment was deendothelialized, was used (group IV). One hour prior to exsanguination, each rabbit was given 3 H-thymidine 0.5 /tCi/g body weight (20 mCi/mmol; New England Nuclear) intravenously (iv), followed 30 minutes later by an iv injection of 5 ml of Evans blue dye (Harvey Lab., Inc.). Evans blue was given in order to visualize and assure endothelial removal: the dye penetrates areas of intima not covered by endothelium . Within 1 minute after exsanguination, a thoracic segment (3rd to 6th intercostal arteries) and an abdominal segment (left renal to the aortic bifurcation) were removed, immediately frozen, and stored at -70°C. These segments were used to determine DNA SA, as outlined below. Adjacent thoracic and abdominal segments were not frozen, but were immediately immersed in 2.5% glutaraldehyde (0.1 M cacodylate, pH 7.4, 20°C) and processed for morphological and morphometric evaluation.
Determination of Smooth Muscle Cell DNASA
Thoracic and abdominal frozen segments from each rabbit were processed separately. Each segment was thawed to 4°C, opened longitudinally, photographed to document endothelial removal, and the adventitia stripped and discarded. This en face separation of intima-media from adventitia eliminates adventitial contamination of the sample (Wolinsky and Daly, 1977) . The intima-media tissues were homogenized at 4°C with a Teflon pestle (Thomas BB) in 5 ml of 0.01 M Tris, 2 mM EDTA, pH 7.5. After homogenization, Pronase (Type B, nuclease free, Calbiochem) and sodium dodecyl sulfate [(SDS)Sigma] were added to a final concentration of 0.4% and 0.5% (wt/vol), respectively, and the mixture was incubated at 37°C for 30 minutes. Evans blue was extracted from the digested tissues by absorbing the dye to heparin-Sepharose 4B beads (Lindon et al., 1978) (1 ml heparin-Sepharose/5 ml solubilized aortic tissue). DNA content was determined by the method of Burton (1956) . Samples of solubilized tissues were precipitated in parallel at 4°C for 30 minutes in 10% trichloroacetic acid (TCA) and 0.002% bovine serum albumin (wt/ vol). Precipitates were trapped on 0.45-jum nitrocellulose filters (Millipore), solubilized in 1 ml of 2methoxyethanol (Eastman), and counted in 10 ml of Aquasol 2 scintillation fluid (New England Nuclear). Sample precipitation in TCA and its trapping on nitrocellulose filters ensure that free 3 H-thymidine, which may be present in the sample, will not be added to the scintillation vial. DNA SA (dpm/ /ig DNA) was calculated for each sample and means ± SE plotted vs. time. Data were analyzed by the methods outlined in the data analysis section. Specificity of 3 H-thymidine incorporation, absence of heparin-Sepharose absorbance of DNA content, and autoradiographic confirmation of 3 H-thymidine labeling of SMC nuclei have been reported recently, using this assay (Goldberg et al., 1979b) .
Morphology and Morphometry
The thoracic and abdominal segments were stored in glutaraldehyde fixative overnight and then placed in 7% sucrose, 0.1 M cacodylate buffer, pH 7.4. The segments were cut into 1-mm rings, postfixed in 1% osmium tetroxide, and stained with 1% uranyl acetate for 30 minutes. The rings were then dehydrated through ethanol and embedded in Epon (Stemerman, 1973) . Three l-/um Epon sections, 20 [im apart, were cut from each thoracic and abdominal block of each animal and stained with methylene blue. Thin sections were cut from each block, stained with uranyl acetate and lead citrate, and examined in a Phillips 300 electron microscope (Stemerman and Ross, 1972; Stemerman, 1973) .
Intimal proliferation following endothelial removal was quantified using light microscopy by counting intimal nuclei in the 1-j^m Epon crosssections of thoracic and abdominal segments. Intimal nuclei, defined as nuclei on the luminal side of the internal elastic lamina (IEL) were counted at a magnification of 1000X. All counts were done without the observer's knowledge of the slide's origin. The IEL length was measured using a calibrated eye piece reticle, and the number of intimal nuclei was expressed per 0.1 mm of IEL. Mean number of intimal nuclei per 0.1 mm of IEL was plotted vs. time, and data were analyzed as described in the data analysis section. Mean number of medical nuclei per 0.1 mm of IEL in rabbits sacrificed at different intervals following injury was found to be 34 ± 4 SD for the thoracic and 34 ± 0.6 SD for the abdominal segment. For the determination of total kinetic activity in the media, 34 was used as a constant.
Total Kinetic Activity
Since DNA SA is a ratio of labeled DNA to total DNA, changes can be secondary to changes in 3 Hthymidine labeling and/or changes in total DNA content. To evaluate the possibility that the decline in DNA SA is secondary to dilution of labeled DNA in an increasing amount of total DNA in the prolif- VOL. 47, No. 2, AUGUST 1980 erating intimal cells, total kinetic activity per 0.1 mm of IEL was calculated. Number of intimal and medial nuclei per 0.1 mm of IEL was determined as outlined in the morphometry section. Total kinetic activity (TKA) was computed by the following equation: TKA = SA (IN + 34), where SA = DNA specific activity and IN = number of intimal nuclei per 0.1 mm of IEL, 34 = constant for medial nuclei per 0.1 mm of IEL.
Methods of Data Analysis
Sample distributions were examined for distribution type by the W-statistic, and central measures were computed for all. The time-grouped data then were tested for significant day-to-day differences by a multiple sample comparison procedure (Duncan's test; Duncan, 1955) . Appropriate curve fits were made using the PROPHET-adapted version of MLAB (Knott and Reece, 1977) . Areas under curves were calculated using the trapezoidal rule. Comparison of abdominal to thoracic data was made at specific time points by unpaired t-test, and over the entire time span by a paired t-test, using the respective means paired at the various time points.
Morphological and morphometric data were grouped by anatomical origin and time, tested for distribution type (all compatible with normal distribution), and the group central measures computed. Their behavior with respect to time, together with the areas under the time curves, was evaluated in the same manner as the SA data.
Results

Determination of 3 H Incorporation by DNA SA and Total Kinetic Activity
3 H-Thymidine incorporation rates in the abdominal and thoracic segments were compared and means were plotted as a function of time (Fig. 1) . 3 H-Thymidine uptake or DNA SA remains at baseline 24 hours after intimal injury in both the thoracic and abdominal segments. The 24-hour latent period is followed by an abrupt increase by 48 hours; the mean thoracic DNA SA is 166 ± 43 dpm/jtig DNA and the abdominal mean SA is 428 ± 63 dpm/ /xg DNA at 48 hours. Thereafter, SA levels exhibit an exponential-like decay to a value of 13 ± 4.1 (abdominal) and 11 ± 1.8 (thoracic) at day 48 (means ± SE).
Multiple sample comparisons (Duncan's test; Duncan, 1955) of the time-grouped data within each segment show the abdominal mean SA levels for days 2 and 4 to be significantly higher (P < 0.01) than those at all other time intervals. The thoracic SA data exhibit statistically significant differences (at the 0.01 < P < 0.05 level or better) between day 2 and all other time intervals except day 4. The day 4 mean SA value is significantly different from the Comparison of the respective mean abdominal and thoracic SA levels at each time interval shows the mean abdominal SA level to be consistently higher than the mean thoracic SA levels at all time intervals except day 28, and this effect is statistically significant at the P = 0.04 level by sign test. Day-by-day comparison employing an unpaired ttest shows these differences to be statistically significant at 36 hours (P < 0.02) and days 2 and 4 ( P < 0.005).
The DNA SA of the sham-operated control group remained at baseline after the operation. DNA SA of the aortic segments denuded of endothelium by the high-pressure balloon (group III) was similar to values obtained by the low-pressure balloon. DNA SA of abdominal segments of group IV (abdominal only) was comparable to the abdominal segments of groups I, II, and III.
The total kinetic activity (TKA) (Fig. 2) rises abruptly from day 1 to day 2; peaks between days 2 and 4, and exhibits an exponential-like decay thereafter in a manner analogous to the SA plots.
Days FIGURE 2 This figure shows TKA (dpm/0.1 mm of internal elastic lamina) and intimal growth rate for the thoracic and abdominal segments plotted vs. time. The decline in TKA at days 4-7parallels the decline in SA, suggesting that this drop is not due to isotope dilution in growing SMC (see Methods) . The growth rate curve shows the limited nature of the proliferative stimulus in both segments.
Thus it appears that the decline in SA is not secondary to dilution but represents a decline in 3 Hthymidine uptake by aortic SMC.
Intimal Proliferation
The time-grouped distributions of intimal nuclei were found to be compatible with a normal distribution for both abdominal and thoracic segments. For both segments, multiple sample comparison across the respective time-grouped samples showed statistically significant differences (P < 0.01) between days 1, 2 and days 7 to 48; between day 4 and all later samples; between days 7 and days 14, 28, 48. Differences between abdominal and thoracic means at each time interval, were significant at the P < 0.001 level over the entire time range by unpaired £-test. Comparison of the means for the respective segments and their plots (Fig. 1) shows the abdominal counts to be markedly higher over most of the range. These plots demonstrate that intimal growth for both segments rises steadily from day 0, peaks abruptly at approximately day 7, and as rapidly decays.
Total numbers of intimal cells as estimated from the respective areas under the curves are 960 (abdominal) and 485 (thoracic), a ratio of 2 to 1.
The intimal growth curves were fitted to an appropriate function using the PROPHET-adapted version of MLAB, and intimal growth rates for both segments were computed at each day by calculating the first derivatives with respect to time. Abdominal intimal growth rates exceed thoracic by multiple factors at all intervals (Fig. 2) . Areas under DNA SA curves were divided by areas under curves for intimal nuclei. This ratio was found to be 3.5 for the abdominal aorta and 4.8 for the thoracic aorta: there was no statistical difference between these numbers.
Morphology
En face microscopic evaluation of the aortic segments confirmed endothelial injury by Evans blue staining of the tissues. The pattern of reendothelialization was consistent with results of previous studies, showing reendothelialization from orifices or aortic branches which are beyond the reach of the inflated balloon . Histological evaluation showed medial boundries to be marked clearly by the external elastic lamina at the adventitial margin and by the internal elastic lamina at the lumen. Light and electron microscopic examination did not reveal cellular differences between SMC of the thoracic and abdominal sections. Intimal proliferation was more prominent in the abdominal sections as confirmed by morphometry. Electron microscopy showed characteristic features previously described (Stemerman and Ross, 1972; Stemerman, 1973; Stemerman et al., 1977) ; there was no distortion of medial SMC's in either thoracic or abdominal segments (Fig. 3) . SMC were observed migrating through fenestrae of IEL at days 2 and 4 following injury. SMC mitotic figures were also found at days 2 and 4 (Fig. 4) , and lesions several layers thick were apparent by day 7 in both thoracic and abdominal segments (Fig. 5 ).
Discussion
The findings presented in this study demonstrate a difference in the in vivo growth of SMC between the thoracic and abdominal aortas of rabbits following endothelial removal. Intimal proliferation was found to be greater in the abdominal aorta than the thoracic aorta both by DNA SA and by morphometric quantitation.
The Latent Period
The 24-hour latent period shared by both segments prior to DNA synthesis may represent a time interval in which cellular reorganization prior to DNA synthesis takes place. In several studies on hepatectomy, it has been shown that RNA polymerase activity and RNA synthesis increase dramatically within hours after hepatectomy, as do the activities of other enzymes involved in DNA synthesis (Bucher and Malt, 1971 ). Hirsch and Robertson (1977) have reported that when a narrow strip Q FIGURE 3 This is a transmission electron micrograph of an abdominal aorta 2 days after deendothelialization; magnification, 15,000 X. Platelets (P) are seen adhering to the denuded subendothelium. A leukocyte (L) is seen in close association to the adhering platelets. Intact SMC (S) are present beneath the subendothelium, and there is no evidence of extracellular edema (aortas fixed without pressure perfusion). Bar represents 1 [an.
FIGURE 4 This is a transmission electron micrograph of an abdominal SMC in mitosis 4 days after deendothelialization. The IEL is seen at the righthand portion of the picture (magnification, 5,000 x) . Bar represents 1 of endothelium is removed in rabbit aortas, platelets adhere to the denuded surface, the endothelium regrows within 72-96 hours, and no SMC proliferation is apparent. Reidy and Schwartz (1979) , in a recent study, reported similar results in rats after detachment of only a few endothelial cells. They noted an increase in medial SMC rough endoplasmic reticulum under the denuded endothelium oc-
This is a transmission electron micrograph of a thoracic aorta 7 days after deendothelialization.
Myointimal thickening is seen with three layers of SMC(s) extending above the internal elastic lamina (IEL) (magnification, 10,000x) (aortas fixed without pressure perfusion). Bar represents 1 [im. VOL. 47, No. 2, AUGUST 1980 curring soon after injury. Thus it seems that, in the early period following endothelial injury, cellular events associated with SA may occur in medial SMC. Early inhibition by endothelial regrowth may abort the SMC proliferation response before DNA synthesis can take place. The characterization of these early events may lead to a better understanding of the different factors that stimulate and inhibit SMC growth.
Comparison of Thoracic and Abdominal Growth Kinetics
The similar pattern of both DNA SA and intimal proliferation in thoracic and abdominal aortas suggests a common cellular mechanism moderating the proliferation response. Both segments show a 24hour latent period to peak DNA synthesis at days 2-4 which is then followed by a rapid decline in synthetic activity. It has been postulated Glomset, 1973, 1976; Ross et al., 1974; Friedman et al., 1977) that the interaction of plasma constituents such as platelet factor(s), low-density lipoprotein (Bierman, et al., 1973 (Bierman, et al., , 1974 , and insulin (Stout et al., 1975 ) with the exposed medial SMC following endothelial injury leads to SMC proliferation. Thus the similarity in the patterns of cellular growth kinetics in the two segments may indicate that the same humoral stimulus initiating SMC proliferation operates in both segments. Preliminary results in our laboratory suggest such a process. When a deendothelialized rabbit aorta is reinjured 4 days later by a second "ballooning" of only the abdominal segment, the thoracic segment surprisingly also shows a restimulation of DNA synthesis by the distal injury (Goldberg et al., 1979a) . These early restimulation experiments support the hypothesis that humoral factor(s) influence SMC proliferation and that both segments share the same stimulatory mechanism.
The reason for the greater proliferative response in the abdominal segment is not known. Since group III rabbits (high-pressure balloon) showed similar SA values, it is unlikely that the difference in SA values occurs because of greater injury to the abdominal segment. A similar study in rats in which a variety of balloon diameters were used showed that there is a range of diameters that results in similar proliferative response of SMC. The lower limit of this range was given by the completeness of denudation and the upper limit by the occurrence of irreversible overdilation, coarse ultrastructural damage to the media, or even rupture of the aorta (Haundenschild, personal communication) . The possibility that the abdominal response is greater because of a gradient of mitogen(s) from the thoracic segment was excluded by the finding that animals in which only the abdominal segment was deendothelialized showed DNA SA similar to that of the experimental group. Thus it appears that the SMC population of the abdominal segment may differ in some fundamental characteristics from SMC in the thoracic segment. Haimovici et al. (1958 Haimovici et al. ( ,1964 , in a series of transplantation studies in dogs, has shown that under hyperlipidemic conditions, abdominal segments transplanted into the thoracic region developed atherosclerotic lesions characteristic of the abdominal region, whereas the thoracic segment, when placed in the abdominal region, maintained its relative resistance to atherosclerosis. These transplantation studies corroborate our findings that the segmental response is not related to anatomic location but is due to intrinsic segmental factors.
The greater susceptibility of the abdominal aorta to atherosclerosis has been documented in human autopsy studies. This predilection was evident in patients dying of atherosclerotic catastrophes, in the general patient population, and in patients who had recognized risk factors but died of other causes (Roberts et al., 1959) . The possible correlation between the proliferative response to endothelial injury in experimental animals and the clinical development of atherosclerosis in a susceptible segment of the arterial circulation is unclear at this time. Our data suggest that SMC of the abdominal segment may be more amenable to proliferation after endothelial injury than the thoracic SMC. Previous morphometric evaluation of rabbit aortic lesion formation also correlate with our present findings (Minick et al., 1979) . Thus, if some atherosclerotic risk factors operate by endothelial injury, they may trigger a greater proliferative response in the abdominal segment as compared with the thoracic segment.
Further characterization of regional variations in vascular SMC, which are phenotypically similar, may provide important information for understanding SMC proliferation. Furthermore, cellular and genetic characteristics of specific SMC populations may determine their potential for atherogenesis. This in vivo model and the methodology described in this report may be applicable for the evaluation of growth patterns under different pathological conditions and can be used to evaluate possible mitogen(s) and inhibitor(s) to SMC proliferation in vivo.
